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ABSTRACT 

The command module suit heat exchanger removes heat 
1 

from the suit and cabin atmospheres and transfers it to the 
water-glycol coolant circuit. 
atmosphere humidity is controlled by vapor condensation. A 
mathematical model of the condensing, counterflow exchanger 
has been developed. Given coolant and gas inlet flow rates 
and temperatures, the computer program computes exit temperatures, 
sensible and latent heat loads, and water content of the exit gas. 

As part of the cooling process, 

The log mean temperature difference, overall heat 
transfer conductance method is used to characterize the heat 
exchanger. The analysis assumes saturated gas output operation 
and a constant total gas pressure across the exchanger. The 
specific heats of the gas and fluid are treated as functions 
of temperature. 

Both CINDA and FORTRAN computer programs have been 
written and are operable; the results agree well with analyses 
reported by TRW. 
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Condensation - C a s e  620  FROM: D. P.  Woodard 

MEMORANDUM FOR F I L E  

INTRODUCTION 

The fo l lowing  d i s c u s s i o n  d e s c r i b e s  a method o f  comput- 
i n g  t h e  h e a t  t r a n s f e r r e d  and t h e  g a s  and f l u i d  e x i t  t empera tures  
f o r  a condensing, counter f low h e a t  exchanger.  App l i ca t ion  t o  t h e  
Command-Module S u i t  H e a t  Exchanger g i v e s  r e s u l t s  which a g r e e  w e l l  
w i th  ana lyses  r e p o r t e d  by TRW.* 

The log  mean temperature  d i f f e r e n c e  (LMTD), o v e r a l l  
h e a t  t r a n s f e r  conductance method i s  used t o  c h a r a c t e r i z e  t h e  
h e a t  exchanger.  The a n a l y s i s  assumes s a t u r a t e d  gas  o u t p u t  
o p e r a t i o n ,  and a c o n s t a n t  t o t a l  g a s  p r e s s u r e  a c r o s s  t h e  exchanger.  
The s p e c i f i c  h e a t s  of gas  and f l u i d  a r e  t r e a t e d  as f u n c t i o n s  of 
tempera ture .  Both CINDA and FORTRAN computer programs have been 
w r i t t e n  and are operable .  

DISCUSSION AND ASSUMPTIONS 

The problem i s  i l l u s t r a t e d  schemat i ca l ly  i n  F igu re  1. 
G a s  and c o o l a n t  f l u i d  e n t e r  t h e  counterf low exchanger a t  temper- 
a t u r e s  TG5 and TF6 and e x i t  a t  t empera tures  TG6 and TF5, 
r e s p e c t i v e l y .  I n p u t  flow r a t e s ,  i n  l b / h r ,  a r e  WF and WGV5 
which i s  t h e  sum of t h e  gas c o n s t i t u e n t  flow rates: oxygen, 
carbon d i o x i d e ,  n i t r o g e n ,  and water  vapor .  Unknowns are TG6, 
TF5, t h e  s e v e r a l  h e a t  load components i n d i c a t e d  i n  F igure  1, 
and t h e  q u a n t i t y  of water  removed by condensat ion.  Operat ion 
of t h e  exchanger i s  i l l u s t r a t e d  by t h e  imaginary d i v i s i o n  i n t o  
non-condensing and condens ing  p a r t s .  I n  t h e  non-condensing 
p a r t , t r a n s f e r  of s e n s i b l e  hea t ,  Q l S E N S ,  from t h e  gas  mixture  
t o  t h e  f l u i d  reduces t h e  gas  tempera ture  t o  t h e  dew p o i n t ,  
TGDP. For t h e  condensing p a r t ,  f u r t h e r  temperature  r e d u c t i o n  
toward t h e  e x i t  t empera ture ,  TG6,  r e s u l t s  i n  condensat ion of 
w a t e r  and t h e  a d d i t i o n  of both l a t e n t  and s e n s i b l e  h e a t  t o  t h e  
c o o l a n t  f l u i d . * *  I f  t h e  gas-vapor d e w  p o i n t  i s  less than  t h e  g a s  
e x i t  t e m p e r a t u r e , i . e .  TGDP < T F 6 ,  no condensat ion can occur .  For 
t h i s  c a s e ,  t h e  h e a t  exchanger i s  t r e a t e d  a s  a non-condensing 

"Apollo CSM ECS/Thermal I n t e g r a t e d  Analys is  Program, TRW 
N o t e  No. 68-FMT-592, Revision 2 ,  1 3  January 1 9 6 9 .  

**Refer t o  Table 1 f o r  v a r i a b l e  d e f i n i t i o n s .  
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exchanger;  TG6 i s  ve ry  close t o  TF6 ,  s i n c e  t h e  s u i t  h e a t  
exchanger has  a , large o v e r a l l  t r a n s f e r  conductance.  
Consequently TG6 i s  se t  equa l  t o  TF6.  

The fo l lowing  equa t ions ,  which fo l low d i r e c t l y  from 
t h e  p e r f e c t  gas  r e l a t i o n s ,  d e s c r i b e  t h e  g a s  s i d e  c o n d i t i o n s :  
Given a mixture  of gases  having c o n s t i t u e n t  weights  Wi,  

molecular  weights  M i ,  and s p e c i f i c  h e a t s  CPi ,  t h e n  t h e  e q u i v a l e n t  

molecular  weight  of t h e  mixture  is: 

M =  
eq 

f w i  
i=l 

n - 
i i=l 

The e q u i v a l e n t  s p e c i f i c  h e a t  of t h e  mixture  i s :  

n 

C w i  
i=l 

The weight of water  vapor ,  W H 2 0 ,  i n  a gas  mixture  a t  a t o t a l  
p r e s s u r e  of PT i s  r e l a t e d  t o  t h e  p a r t i a l  p r e s s u r e  of water, 
PH20, by 

1 8  x WDG x PH20 
WMDG (PT - PH20) ( 3 )  WH20 = 

where 18 i s  t h e  molecular  weight of water .  The dependence of 
s a t u r a t i o n  p a r t i a l  p r e s s u r e  of wa te r  vapor on tempera ture  i s  
g iven  by t h e  u s u a l  "Steam Table" t a b u l a t i o n s .  

Oxygen and carbon d iox ide  s p e c i f i c  h e a t s  are temper- 
a t u r e  dependent as g iven  by 



BELLCOMM, INC. -3-  

( 4 )  CP02 = .2188 + 1 . 2 2 2  x T Btu/lb°F 

(5 )  CPCO2 = . 1 9 4 0  + 1 . 7 7 8  x T Btu/ lb°F 

The s p e c i f i c  h e a t s  of n i t r o g e n  and w a t e r  vapor are taken  as 
c o n s t a n t s ,  .250 and .450 Btu/lb°F, r e s p e c t i v e l y .  The en tha lpy  
of water vapor i s  

H = 1 0 6 0  + .45 T Btu/ lb .  ( 6 )  

PROGRAM DESCRIPTION 

Repeated u s e  of Equations (1) through ( 6 )  permi t  t h e  
i t e r a t i v e  computation of  t h e  d e s i r e d  h e a t  l oads  and e x i t  temper- 
a t u r e s  as shown by t h e  program f low c h a r t ,  F igu re  2 .  Required 
i n p u t  d a t a  are gas c o n s t i t u e n t  f low rates (W025, WC025, e t c ) ,  
i n l e t  t empera tures  (TG5 and T F 6 ) ,  t o t a l  gas  p r e s s u r e  (PT5) , and 
steam t a b l e  d a t a  ( s a t u r a t e d  water  vapor  p a r t i a l  p r e s s u r e  vs. 
t e m p e r a t u r e ) .  These d a t a  y i e l d  molecular  weights  (WMDG5, WMGV5) I 

t o t a l  f l o w  rates (WDG5, WGV5), s p e c i f i c  h e a t s  (CPDG5, CPGV5), 
i n p u t  en tha lpy  (H5),  and dew p o i n t  tempera ture  (TGDP) . 

For t h e  non condensing c a s e ,  TGDP < TF6. TG6 i s  set 
e q u a l  t o  TF6 because of t h e  l a r g e  o v e r a l l  h e z t  t r a n s f e r  
conductance.  I n  t h i s  case t h e  hea t  load  i s  a l l  s e n s i b l e  and 
g iven  by t h e  products  of (TG5 - T F 6 ) ,  t h e  average gas-vapor 

cpGv5 + CPGV6) and t h e  flow rate ,  WGV5. s p e c i f i c  h e a t  (CPGVAV = 2 

For t h e  condensing case, TGDP > TF6. Success ive  
assumptions: TG6 = TF6 + . 5 ,  TG6 = TF6 + l., and TG6 = TF6 + 5. 
are used t o  determine i f  

(TF6 + .5)  - < TG6 - < (TF6 + 5. )  

or i f  
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L inea r  i n t e r p o l a t i o n  i s  used t o  determine subsequent  approx- 
ima t ions  t o  TG6 u n t i l  t h e  conductance d i f f e r e n c e  IHEQ - HTOTl 
i s  less t h a n  .5 .  

( 7 )  

( 8 )  

(9) 

The t e r m s  are de f ined  by t h e  equa t ions :  

HEQ = QlSENS/LMTDl + Q2/LMTD2, 

(TG5 - TF5)  - (TGDP - TFDP) LMTDl = f 

LMTD2 

(TG5 - TF5)  
In (TGDP - TFDP) 

(TGDP - TFDP) - (TG6 - TF6)  
I 

(TGDP - TFDP) 
In (TG6 - T F 6 )  

( 1 0 )  HTOT = (HGAS) (HFLUID)/(HGAS + HFLUID) , 

. 2 7 7 1 6  (11) HGAS = 99 .09  (WGVEQ) I 

. 4 0 2 4 8  ( 1 2 )  HFLUID = 8 6 . 5 2  ( W F )  I 

(WGV5 + WGV6) ( H 5  - H6) 
(TG5 - TG6) (CPGV6 + CPGV5) (13)  WGVEQ = 

A s  t h e  w a t e r  conten t  of t h e  e n t e r i n g  g a s ,  WH205, 
dec reases  and TGDP approaches T F 6 ,  t h e  c o n d i t i o n  can be reached 
where 

TF6 < TG6 < TF6 + .5.  - - 

I n  t h i s  case t h e  convergence of HEQ t o  HTOT i s  t e s t e d  us ing  
s u c c e s s i v e  approximations t o  TG6 of TF6 + . 5 ,  TF6 + . 2 5 ,  
TF6 + . 1 2 5 ,  and TF6 + . 0 6 2 5 .  If IHEQ - HTOTl i s  still n o t  
less than  .5 ,  TG6 = TF6 i s  assumed t o  be s u f f i c i e n t  s i n c e  
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PROGRAM RESULTS 

Table 2 compares t h e  r e s u l t s  o f  two cases i n p u t  t o  
t h i s  program and analyzed by TRW. Agreement i s  good. Di f f e rences  
i n  QLAT, and QTOTAL are due t o  t h e  assumption of a c o n s t a n t  t o t a l  
p r e s s u r e  which has t h e  e f f e c t  of s h i f t i n g  t h e  dew point,TGDP, 
s l i g h t l y .  T R W ' s  program ba lances  t h e  p r e s s u r e  d rops  and rises 
around t h e  gas c i r c u i t  and does n o t  assume a c o n s t a n t  p r e s s u r e  system. 

Table 3 shows t h e  e f f e c t  of dec reas ing  t h e  amount of 
water, WH205, i n  t h e  i n p u t  gas  mixture  f o r  C a s e  1. The number 
of i t e r a t i o n s  r e q u i r e d  t o  o b t a i n  a s o l u t i o n  f o r  each run  i s  also 
inc luded  i n  t h e  t a b u l a t i o n .  Note t h a t  r u n s  1 through 4 
proceeded normally with condensat ion and a s t e a d i l y  d e c r e a s i n g  
QLAT. Run 5 r e s u l t e d  i n  a marginal  removal of  QLAT; 4 i t e r a t i o n s  
and a r e s u l t a n t  TG6 = TF6 = 45.23'F i n d i c a t e  t h a t  f o u r  a t t empt s  
w e r e  made t o  d e f i n e  TG6 between t h e  l i m i t s  45.23 and 45.73. The 
dew p o i n t  tempera ture ,  TGDP, f o r  runs  6 through 10 i s  less than  
TF6 = 45.23'F; as a r e s u l t  no condensat ion occurred ,  TG6 w a s  set  
e q u a l  t o  TF6 ,  and no i t e r a t i o n s  w e r e  r e q u i r e d .  

1022-DPW-mef D. P. Woodard 

Attachments 



TABLE 1 

PROGRAM V A R I A B L E S  

- W025 - 
W C 0 2 5  - 
WN25 - 
W H 2 0 5  - 
W F  - 
T G 5  - 
TF6 - 
PT5 - 
WDG5 - 
WGV5 - 
WMDG5 - 
WMGV5 - 
v5 - 
C P D G 5  - 
C P G V 5  - 
H 5  - 
P H 2 0 5  - 
TGDP - 
CPDGDP = 
CPGVDP = 
CPGVAV = 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Q l S E N S  = 

- T G 6  - 
TF6 - 
P H 2 0 6  - 
W H 2 0 6  - 
WGV6 - 
CPDG6 - 
CPGV6 - 
H 6  - 
QTOTAL = 
WGVEQ - 

- 
- 
- 
- 
- 
- 
- 

- 

- HGAS - 

H F L U I D  = 
HTOT - - 

- - Q2 

- C P F 6  - 
T F D P  - 
C P F D P  - 
TF5 - 

- 
- 
- 

oxygen flow rate, lb/hr 
carbon dioxide flow rate 
nitrogen flow rate 
water vapor flow rate 
fluid flow rate 
gas-vapor inlet temperature, O F  

fluid inlet temperature 
gas inlet total pressure, P S I A  
inlet dry gas flow rate, lb/hr 
inlet gas-vapor flow rate, lb/hr 
inlet molecular weight of dry gas, lb/mol 
inlet molecular weight of gas-vapor, lb/mol 
inlet volumetric flow rate, ft2/hr 
inlet specific heat of dry gas, B T U / l b  O F  

inlet specific heat of gas-vapor 
inlet gas-vapor enthalpy, B T U / l b  dry gas 
inlet vapor partial pressure, P S I A  
inlet gas-vapor dew point temperature 
specific heat of dry gas at TGDP 
specific heat of gas vapor at TGDP 
average specific heat of gas-vapor across 

sensible heat removed by the non-condensing 

exit gas-vapor temperature 
exit fluid temperatiire 
exit vapor partial pressure, P S I A  
exit vapor flow rate, lb/hr 
exit gas-vapor flow rate, lb/hr 
exit specific heat of dry gas 
exit specific heat of gas vapor 
exit gas-vapor enthalpy, B T U / l b  dry gas 
total heat exchanger heat load, BTU/hr  
equivalent gas-vapor flow rate across total 

overall gas side transfer conductance of 

overall fluid side transfer conductance 
overall heat exchanger transfer conductance 
total heat removed by the condensing portion 

fluid inlet specific heat 
fluid temperature at TGDP 
fluid specific heat at T F D P  
fluid exit temperature 

non-condensing portion of HX 

portion of HX 

heat exchanger, lh/hr 

heat exchanger, BTU/OF 

of the heat exchanger, B T U / h r  



TABLE 1 (continued) 

L M T D l  

LMTD2 

H E Q l  

H E Q 2  

T G 6  1 
D E L H l  
T G 6 2  
D E L H 2  
Q 2 S E N S  
Q S E N S T  
QLAT 

log-mean-temperature difference across 

log-mean-temperature difference across 

equivalent transfer conductance of 

equivalent transfer conductance of 

overall equivalent transfer conductance 

first estimate of gas-vapor exit temperature 
first overall transfer conductance difference 
second estimate of gas-vapor exit temperature 
second overall transfer conductance difference 
sensible portion of Q 2  
total sensible heat load 
latent heat load 

non-condensing portion of HX, OF 

condensing portion of HX, OF 

non-condensing portion of HX 

condensing portion of HX 

of HX, (HEQ = H E Q l  + H E Q 2 )  



TABLE 2 

W025 lb /hr  

WC025 l b / h r  

WN2 5 lb /hr  

WH205 lb /h r  

WF lb /h r  

TG5 O F  

TF5  OF 

QSENST BTU/hr 

QLAT BTU/hr 

SUIT HEAT EXCHANGER PROGRAM RESULTS COMPARED TO TRW ANALYSES 

P r o g r a m  TRW 

5 3 . 8 3 6  - 
. 9 8 2  - 

- 0.000 

1 . 6 1 9  - 
200.  - 
1 2 0 . 0 5  - 

4 5 . 2 3  - 
9 2 2 . 1 9  9 2 2 . 2  

6 8 4 . 7 4  7 1 6 . 6  

VARIABLE UNITS CASE 1 
I 

QTQTAL 

TG6 

TF 5 

TGDP 

WGV5 

WGV6 

BTU/hr 

OF 

OF 

OF 

l b / h r  

lb /hr  

CASE 2 

54 .606  - 
. 9 9 6  - 

- I O * O 0 O  

2 

1 6 0 6 . 9 3  1 6 3 8 . 8 2  

4 6 . 7 5  46 .50  

5 6 . 4 5  5 6 . 6 0  

5 9 . 3 2  6 1 . 8 1  

5 6 . 4 4  - 
5 5 . 8 2  5 5 . 7 6  

1 . 5 8 0  - 
208 .0  - 
1 0 9 . 7 1 3  - 

4 5 . 2 3  - 
8 0 4 . 2 9  8 0 1 . 1 3  

6 3 4 . 2 0  6 5 6 . 4 8  

1 4 3 8 . 4 9  1 4 5 7 . 6 1  

4 6 . 5 3  4 6 . 7 5  

5 4 . 8 9  5 4 . 9 6  

5 8 . 2 5  5 6 . 9 5  

5 7 . 1 8  - 
5 6 . 6 1  5 6 . 5 6  



TABLE 3 

EFFECT OF INLET GAS WATER CONTENT ON SHX HEAT LOADS AND TEMPERATURES 

I n p u t  C o n d i t i o n s :  

W025 - 5 3 . 8 3 6  lb /hr  TG5 - 
. 9 8 2  

var iable  

- WC025 - 
WN2 5 - 
WH205 - 

0.0 - 
- 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

WH205 
lb /h r  

1 . 6 1 9  

1 . 5 8 0  

1 . 4 0  

1 . 2 0  

1 . 0  

. 8 0  

. 7 0  

. 6 5  

. 6 0  

.55 

QTOTAL 
BTU/hr 

1 6 0 6 . 9  

1 5 6 8 . 2  

1 3 9 0 . 3  

1 1 9 0 . 1  

998 .7  

9 2 4 . 5  

9 2 1 . 6  

9 2 0 . 1  

9 1 8 . 6  

9 1 7 . 1  

QSENS 
BTU/hr 

922 .2  

9 2 2 . 7  

9 2 4 . 7  

9 2 6 . 3  

930 .0  

9 2 4 . 5  

9 2 1 . 6  

9 2 0 . 1  

9 1 8 . 6  

9 1 7 . 1  

TF6 
WF 
PT5 

QLAT 
BTU/hr 

6 8 4 . 7  

6 4 5 . 6  

465 .6  

2 6 3 . 9  

6 8 . 7  

0 

0 

0 

0 

0 

TGDP 
OF 

5 9 . 3 2  

58 .64  

5 5 . 4 8  

5 1 . 4 0  

4 6 . 6 8  

4 1 . 0 4  

3 7 . 7 5  

3 5 . 9 3  

3 3 . 9 7  

3 2 . 0 0  

- - 1 2 0 . 0 4  gas i n l e t  T 
- - 4 5 . 2 3  f l u i d  i n l e t  T 

- - 5 ps ia  ( c o n s t a n t )  
200 .  - - 

TG6 TF5 I t e r a t i o n s  
OF OF 

4 6 . 7 5  5 6 . 4 5  7 

46 .67  5 6 . 1 8  7 

4 6 . 2 6  5 4 . 9 4  5 

4 5 . 8 6  53.55 7 

4 5 . 2 3  5 2 . 2 2  4 

4 5 . 2 3  5 1 . 7 1  0 

4 5 . 2 3  5 1 . 6 9  0 

4 5 . 2 3  5 1 . 6 8  0 

4 5 . 2 3  5 1 . 6 7  0 

4 5 . 2 3  5 1 . 6 6  0 



NON- CONDENSING CONDENSING 

I------- 1 
I I 
I I 

r----- 
TG5 c 

TG DP I Q2=Q2SENS + QLAT 

WGV5 
LBS/H R 

TF5 

I T F D P  

I I 
L-,--- -J 

I I 
QTOTAL=QlSENS + Q2 

TF6 

FLUID 
WF LBS/HR 

FIGURE 1- SUIT HEAT EXCHANGER 
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COMPUTE: WDG5, WGV5. WMDG5, 
WMGVS, VS, CPDGI, CPGV5, H5, TGDP 

. 
YES NO 

COMPUTE: CPDGDP,CPGVDP, 
CPGVAV, OlSENS *' NO CONDENSATION, SENSIBLE 

HEAT LOAD ONLY " 
rlr w 

t 
QLAT = 0. 
TO6 = TF6 
WGV6 = WGVS 

* JTEST = 0 
I 

1 ASSUME: TG6- TF6 + .5 
JTEST = 0 I 

t 
JTEST = JTEST + I 
I 

COMPUTE: PH206, WH206, WGV6 
CPDG6, CPGV6, H6, Q TOTAL, 
WGVEO, HGAS, HFLUID, 
HTOT, 02, CPF6, TFDP, 
CPFDP, TF5, LMTD1, LMTD2, 
HEO1, HEQZ, HEQ 

I 

I # NO 

I V I 

MTEST = MTEST + I 
TG6' = TF6 + (TG6 - TF6) * .5 

f NO 

I TG6 = TF6, JTEST = MTEST 

I 

c 
t 1 

I TG61- TG6 
AH1 = HEO - HTOT 
TG6 = TF6 + I. 

TG6 = TF6 + 5. 

949 

TG62 = TG6 

6 

h 
I "SOLUTION NOT FOUND IN 

" JTEST " ITERATIONS " 
V 

965 

COMPUTE: OZSENS, QSENST, OLAT 

A I 
1 

988 

.WRITE: 
SENSIBLE HEAT LOAD = QSENST 

LATENT HEAT LOAD = QLAT 

TOTAL HEAT LOA0 = QTOTAL 

GAS EXIT TEMPERATURE = TG6 

GAS INLET TEMPERATURE = TG5 

GAS-VAPOR FLOW AT INLET = WGV5 

GAS-VAPOR FLOW AT EXIT = WGV6 

GAS-DEW-POINT TEMPERATURE TGDP 

FLUID EXIT TEMPERATURE = TF5 

FLUID INLET TEMPERATURE - TF6 

FLUID FLOW RATE = WF 

NUMBER OF ITERATIONS = JTEST 

COMMAND MODULE SUIT HEAT EXCHANGER FLOW CHART 

FIGURE 2 
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C. Schneider/ML 

Messrs. A. P. Boysen 
D. R.  Hagner 
W. G .  Heffron 
B. T. Howard 
J. 2. Menard 
J. M. Nervik 
I. M. ROSS 
J. W. Timko 
R. L. Wagner 
M. P. Wilson 

Departments 2031, 2034 
Department 1024 F i l e  
Divis ion 102 
C e n t r a l  F i l e  
L ib ra ry  

Superv is ion  

From: D. P.  Woodard 


